The objective of the present work is to study the effects of laser power, joining speed, and stand-off distance on the joint strength of PET and 316 L stainless steel joint. The process parameters were optimized using response methodology for achieving good joint strength. The central composite design (CCD) has been utilized to plan the experiments and response surface methodology (RSM) is employed to develop mathematical model between laser transmission joining parameters and desired response (joint strength). From the ANOVA (analysis of variance), it was concluded that laser power is contributing more and it is followed by joining speed and stand-off distance. In the range of process parameters, the result shows that laser power increases and joint strength increases. Whereas joining speed increases, joint strength increases. The joint strength increases with the increase of the stand-off distance until it reaches the center value; the joint strength then starts to decrease with the increase of stand-off distance beyond the center limit. Optimum values of laser power, joining speed, and stand-off distance were found to be 18 watt, 100 mm/min, and 2 mm to get the maximum joint strength (predicted: 88.48 MPa). There was approximately 3.37% error in the experimental and modeled results of joint strength.
Introduction
Laser transmission joining has various advantages over conventional plastic joining techniques, for example, no contact, high joining speed, accuracy, flexibility, small heat affected zone, and so forth. Laser transmission joining technology has extensively promising applications in the fields of the microfluidics, microelectromechanical systems, and biomedicine [1, 2] . During laser transmission welding of overlap connections laser radiation transmits through the upper thermoplastic part and is absorbed by a lower material. Heat is developed in the laser absorbing part, which melts the thermoplastic locally. Due to heat conduction, the laser transparent part melts locally too. Thermoplastic materials are laser radiation absorbing, when the material contains, for example, carbon black, absorbing additives, and pigments or when the materials are reinforced with carbon fibers [3] . There is a continuously growing interest in the joining of dissimilar materials in manufacturing industries. Joining of PET to 316 L stainless steel is found in a number of industrial applications [4] .
The advantages of laser transmission joining are as follows: (a) exact control of the energy deposition in the joining area; (b) minimization of the heat affected zone; (c) complex weld and bond geometries; (d) selective joining; (e) singlestep process; (f) short cycle times [5] .
In the present work, response surface methodology was used to investigate and optimize the input process parameters, namely, laser power, joining speed, and stand-off distance, which influence the joint strength. The materials used in this work were PET films and 316 L stainless steel sheets. joining process. 316 L stainless steel is an austenitic chromium nickel stainless steel containing molybdenum. This addition increases corrosion resistance, improves resistance to pitting from chloride ion solutions, and provides increased strength at elevated temperatures [6, 7] . The chemical composition and mechanical properties of 316 L stainless steel are shown in Table 1 [8] .
PET is unreinforced, semicrystalline thermoplastic polyester. Its excellent wear resistance, high flexural modulus, superior dimensional stability, and low coefficient of friction make it a multipurpose material for designing mechanical and electromechanical parts. Because PET has no centerline porosity, the possibility of fluid absorption and leakage is virtually eliminated [9] .
Laser Transmission Joining Process.
PET sheets with dimensions of 35 mm × 15 mm × 0.15 mm and 316 L stainless steel sheets with dimensions of 35 mm × 15 mm × 0.1 mm were prepared as samples. Argon gas is used for cleaning the interaction zone and cleaning and cooling the PET surface to reduce polymer dissociation and distortion.
In the laser transmission joining of PET films and 316 L stainless steel joining (Figure 1 ), PET and 316 L stainless steel are brought into contact prior to welding. Then, the laser beam passes through the PET films and is absorbed at the weld interface. With good contact between the parts at the interface, heat is conducted into the parts, causing melting at both surfaces. When predetermined amount of melt has been generated, heating is terminated and the melt solidifies to generate a weld.
Selection of Laser Transmission Joining Process Parameters
and Their Levels. In the pilot run investigation, for the selection of ranges of laser power, joining speed, and stand-off distance, a number of trials were examined. On the basis of pilot run investigation, laser transmission process parameters with their ranges are shown in Table 2 .
After the selection of range of process parameters from the pilot run investigation, the experiment is designed, based on central composite design (CCD). Design of Expert is used to perform statistical analysis, to develop mathematical models, and to optimize the process parameters. Lasertransmission joining was carried out randomly as per design matrix shown in Table 3 . Corresponding measured joint strength under different runs is also presented in Table 3 .
Response Surface Methodology.
Response surface methodology comprises statistical experimental designs, regression modeling techniques, and optimization methods. Central composite design (CCD) is an experimental design, helpful in response surface methodology, for building a second order (quadratic) model for the response variable without needing to use a complete three-level factorial experiment [10, 11] .
Objective of the present work is to focus on the second strategy: statistical modeling to build up a suitable approximating model between the response (joint strength) and independent variables, 1 , 2 , . . . , .
In general, the relationship is
If it has a normal distribution with mean zero and variance 2 , then it may be written as
where variables 1 , 2 , . . . , are generally the natural variables. In terms of the coded variables, the response function (2) is written as
In the case of two independent variables, the first-order model in terms of the coded variables is written as
Equation (4) is called main effects model, since it includes just the main effects of the two variables 1 and 2 . If there is an interaction between these variables, it can be added to the model easily as follows [12, 13] : Figure 2 shows the macrostructure of joint seam width of 316 L stainless steel and PET joint used for tensile testing. In the range of process parameters, good bonds are achieved with minimum joint seam width. The macrostructure of four samples, which were fabricated in the range of process parameters (Table 3) , is shown in Figure 2 and demonstrates that when the joint samples were prepared in the range of process parameters, the PET have been degenerated or burnt at the joint area. Figure 3 presents the microstructure of the PET and 316 L stainless steel joint and the heat affected zone. Low cavity and better bubble formation can be seen in Figure 3 . Cavity formation is related to PET burning, charring, or vaporization which may weaken the joint strength, while rapid development of bubbles increases the built pressure resulting joint strength also increases.
Results and Discussion

Macrostructure Appearance.
Microstructure Appearance.
Development of Mathematical Model of Joint Strength.
Optimization of parameters like laser power, joining speed, and stand-off distance was made on laser transmission joining process. Central composite design (CCD) experiments using response surface methodology were proved to be an optimal tool for optimization of joint strength. Analysis of variance (ANOVA) table has been used to review the test for significance of regression model, test for significance for model coefficient, and test for "lack-of-fit. " Significant model terms were recognized at 95% significance level. Goodness of fit was examined from 2 (coefficient of correlation) and C.V. (coefficient of variation) with the intention to ensure the reliability and precision of the model. ANOVA table for the joint strength is shown in Table 4 . The Probability > for the model (Table 4) is less than 0.05 which shows that the model is significant, which is desirable as it demonstrates that the terms in the model have a significant effect on the response (joint strength The regression coefficients of the second order equations have been developed by using the experimental data. The regression equation for the joint strength as a function of laser power, joining speed, and stand-off distance is given in the following: 
The model adequacy is inspected by evaluating the residuals (difference between observed and fitted value of response). If the model is acceptable, the residuals should be Normal plot of residuals without structure; that is, they should contain no noticeable pattern ( Figure 4) . The model inadequacy can be further checked by study of normal probability plot of residuals. If the error allocation is normal, this plot will approximate a straight line. The normal probability plot of residuals is shown in Figure 5 . From this plot, it can be concluded that the error distribution is normal and model can be used for further investigation.
Desirability is an objective function which varies from zero (outside of the limits) to one (at the goal). The numerical optimization identifies a point that maximizes the desirability function. Desirability value of one that corresponded to the maximum value of joint strength in the given range of laser transmission process parameters has been considered in the present investigation. When laser power, joining speed, Joint strength = 100.531 Figure 6 : Ramp function graph for maximum joint strength with desirability one.
Joint strength (MPa)
A: laser power Figure 7 : Single factor effect of laser power, joining speed, and stand-off distance on joint strength.
and stand-off distance were 17.99 watt, 102.28 mm/min, and 1.69 mm, then the optimum value of joint strength was 100.531 MPa. Ramp function graph for laser transmission joining of PET and 316 L stainless steel for maximum joint strength is given in Figure 6 . It exposed what shall the value of parameters be to obtain maximum value of joint strength (100.531) for different laser transmission joining process parameters with desirability one. Figure 7 illustrates the single factor effect of laser power, joining speed, and stand-off distance on joint strength of PET and A : la s e r p o w e r C : s t a n d -o ff d is t a n c e 316 L stainless steel joint in the range of process parameters is discussed as follows.
Single Factor Effect of Process Parameters on Joint Strength.
: la s e r p o w e r B : j o i n i n g s p e e d 200.
Single Factor Effect of Laser Power on Joint Strength.
From Figure 7 (a), it can be noticed that the joint strength increases with the increase of laser power. In the laser transmission joining process, it was observed that when laser power increased, the heat input also increased, resulting in the increase of weld seam width. When weld seam width increased, melting area of joint increased, resulting also in joint strength increase. Figure 7 (b), joining speed increases from minimum to maximum limit and the joint strength decreases. Because a higher joining speed reduces the irradiation time, leading to low-heat input to the weld zone, the joint strength decreases.
Single Factor Effect of Joining Speed on Joint Strength. As shown in
Single Factor Effect of Stand-Off Distance on Joint
Strength. As shown in Figure 7 (c), joint strength increases with the increase in stand-off distance. Figure 7 (c) illustrates that the radiation area rises with the increment of the standoff distance, resulting in the increase of the joint strength until it reaches its center value (2 mm) of stand-off distance; the joint strength then starts to decline with the increment of stand-off distance above the center limit as an outcome of lower power density [14] . Figures 8 to 10 display the interaction effect of laser power, joining speed, and stand-off distance on joint strength. It is noticeable that the joint strength leans to rise with high laser power and low joining speed. During the joining of PET and 316 L stainless steel, higher laser power and lower joining speed increased laser energy density, resulting in joint strength increase.
Interaction Effect of Process Parameters on Joint Strength.
Interaction Effect of Laser Power and Stand-Off
Distance on the Joint Strength. Influence of laser power and stand-off distance is displayed in Figures 9(a) and 9(b) . From Figure 9 , it can be noticed that as the laser power increases and standoff distance increases up to the center value, the joint strength leans to increase. If stand-off distance further increases, joint strength decreases. Figure 10 , it can be concluded that when the stand-off distance is higher, increasing the joining speed decreases the joint strength, while increasing the joining speed at lower stand-off distance increases the joint strength [14] .
Interaction Effect of Joining Speed and
Confirmation Experiments.
In order to validate the predicted joint strength (88.48 MPa), at the optimum process parameters (laser power of 18 watt, joining speed of 100 mm/ min, and stand-off distance of 2 mm), experimental data were compared with data obtained by point prediction (predicted value). The results tabulated in Table 5 show that experimental data (average of three samples) and predicted data closely correlate with each other. This shows that there is only 3.37% error in the experimental and modeled results. Hence, the developed model can be effectively used in the process parameters range to predict the joint strength of PET films and 316 L stainless steel joint in laser transmission welding.
Conclusions
The following conclusions can be drawn from the analysis.
(1) Laser transmission joining can be adapted favorably for the joint between PET films and 316 L stainless steel.
(2) Microstructure of the welded joint revealed good bond between PET films and 316 L stainless steel and very less amount of cavity and vaporization observed.
(3) Within the laser transmission joining process parameters range, as the laser power increases, the joint strength also increases, while the joint strength decreases with increased joining speed. On the other hand, the joint strength increases with the increase of the stand-off distance until it reaches the center value; the strength then starts to decrease with the increase of stand-off distance beyond the center limit.
(4) The maximum value of joint strength with desirability one was obtained: 100.531 MPa at laser power of 17.99 watt, joining speed of 102.28 mm/min, and stand-off distance of 1.69 mm.
(5) Within the laser transmission joining process parameters the optimum parameters for joint strength were found to be higher laser power (18 watt), lower joining speed (100 mm/min), and mid value of stand-off distance (2 mm). The predicted value of joint strength was found to be 88.48 MPa at 95% confidence interval. There is only 3.37% error in the experimental and modeled results.
